We report a sensitive search for deuterated water (HDO) in comet 8P/Tuttle using high-resolution spectroscopy at infrared (IR) wavelengths. The deuterium enrichment of cometary water is one of the most important cosmogonic indicators in comets. The (D/H) H 2 O ratio preserves information about the conditions under which comet material formed, and tests the possible contribution of comets in delivering water for Earth's oceans. Water (H 2 O) and HDO were sampled in comet 8P/Tuttle from 2008 January 27 to 2008 February 3 using the new IR spectrometer (Cryogenic Infrared Echelle Spectrograph) at the 8.2 m Antu telescope of the Very Large Telescope Observatory atop Cerro Paranal, Chile. Twenty-three lines of HDO were sampled near 3.7 μm, leading to a production rate of 4.73 ± 1.68 × 10 25 s −1 . Combining this value with the H 2 O production rate of 5790 ± 250 × 10 25 s −1 provides a formal value of (D/H) H 2 O = 4.09 ± 1.45 × 10 −4 in comet 8P/Tuttle. This value is larger by a factor of 2.62 ± 0.93 than Vienna Standard Mean Ocean Water, and is comparable to enrichment factors measured for three other Oort cloud comets. The technique described here provides unprecedented sensitivities, ultimately permitting us to routinely measure this prime cosmogonic indicator, even in comets having relatively modest gas production rate like 8P/Tuttle.
INTRODUCTION
The deuterium abundance of water in comets preserves information about the conditions experienced by pre-cometary ices, while also constraining the possible contribution of cometary water to Earth's oceans. However, measurements of the ratio (D/H) H 2 O are very difficult and have heretofore been achieved in only one comet by in situ mass spectroscopy (Eberhardt et al. 1995; Balsiger et al. 1995) , and in two unusually bright comets by radio spectroscopy (Meier et al. 1998; Bockelée-Morvan et al. 1998 ). We present here a sensitive search for deuterated water (HDO) in a moderately bright comet using infrared (IR) spectroscopy, and demonstrate that highly robust measurements are now feasible in future comets using this technique.
Preserved in the cold outer depths of our solar system for the past 4 billion years, comets today are among the least modified bodies in our Planetary System. They accumulated under diverse conditions beyond the "snow line" and within ∼ 5-40 AU from the young Sun, from material that itself formed (and was processed) in environments ranging from the dense interstellar natal cloud core to the gaseous solar nebula and protoplanetary disk (Mumma et al. 1993) . Because the production of deuterated species is heavily favored at low temperatures through ionmolecule reactions ) and gas-grain chemistry (Brown & Millar 1989) , the D/H in cometary water (together with other indicators such as nuclear spin temperature and chemical taxonomy) can be used to trace the conditions under which a given comet formed. In addition, comets might have delivered water and organics to the early Earth, and isotopic signatures allow us to test this hypothesis.
It is currently thought that Earth was extremely dry during its early accretion stage (Martin et al. 2006 , and references therein), because of our planet's heliocentric position and its history of violent impacts, especially the one that induced formation of the Moon. Comets might later have delivered a portion of the current water reservoir; however, the only three measurements of (D/H) H 2 O in comets (1P/Halley: Eberhardt et al. 1995; Balsiger et al. 1995; C/1996 B2 Hyakutake: Bockelée-Morvan et al. 1998 and C/1995 O1 Hale-Bopp: Meier et al. 1998 ) point in a different direction. All suggest a similar enrichment of deuterium of about twice the value in Vienna Standard Mean Ocean Water (VSMOW, D/H = 1.56 × 10 −4 ). Even larger enrichments of (D/H) H 2 O were observed in jets of Hale-Bopp (Blake et al. 1999) ; however, these results have not been confirmed by other techniques or in other comets. The observed difference between the D/H ratio in Earth's water and that of these three comets would imply that comets played only a minor role in exogenous delivery of water and prebiotic organics to early Earth. But do we expect all comets to have the same D/H? Is the D/H measured for water vapor in the coma also representative of D/H in the nuclear ices? Has the D/H on Earth changed over geologic time and is the present value representative of the primordial endowment? These important questions can be addressed only by measuring (D/H) H 2 O for a large number of comets of different types and dynamical families. Associated modeling of atmospheric escape and isotopic fractionation in Earth's core is also needed (e.g., Genda & Ikoma 2008; Williams & Hemley 2001) .
The short-period comet 8P/Tuttle is now in a "Halley type" orbit, and thus belongs to a dynamical class hypothesized to derive from the inner Oort cloud (Bailey & Emel'yanenko 1996) or from the scattered Kuiper disk (Levison et al. 2006) . Statistical considerations favor the latter origin, but compositional information (parent volatiles and their isotopomers) is not yet mature enough to test the place of origin. The volatile composition of 8P/Tuttle is quite distinct from that of other comets (Böhnhardt et al. 2008 ; Bonev et al. The spectra were acquired by nodding the telescope in an ABBA sequence, with the two beams separated by 15 arcsec; a total integration time of 80 min was used for HDO, and 32 min for H 2 O. Highly reliable tracking and guiding on the comet was performed by locking the AO system on the central brightness condensation in the coma, together with differential auto-guiding of the telescope relative to a nearby star. Absolute flux calibration was achieved by acquiring spectra of IR flux-standard stars and calibration frames (flats and darks) for every spectral setting. The data were processed using our custom algorithms (tailored for CRIRES) to correct for the instrument's anamorphic optics and to calibrate the data in flux and in wavelength. The latter was accomplished by comparing the sky radiance with spectra synthesized using a rigorous line-by-line, layer-by-layer radiative transfer model of the terrestrial atmosphere (GENLN2; Edwards 1992). We updated this model to properly include pressure-shift coefficients and the latest spectroscopic parameters Hewagama et al. 2003) . The calibrated echellograms of A-and B-beams were combined (see Figure 1(B) ), and spectra were extracted over 15 rows (±0.65 arcsec, or ± ∼ 260 km from the comet nucleus) centered on the nucleus. We isolated the cometary molecular emissions by removing a modeled continuum convolved with the synthesized atmospheric transmittance (Figure 1(C) Böhnhardt et al. 2008 ). In addition, we used the bright H 2 O lines to quantify the spectral resolution of the processed spectra, and retrieved a FWHM of 0.081 cm −1 , corresponding to a resolving power (λ/δλ) of 42,000 for the 0.4 arcsec wide slit (see the inset to Figure 1(C) ). Given the delivered line profile, 99% of the line flux is included within 9 spectral pixels centered on the expected line position. Using a 7 pixel window would have sampled only 93% of the total line flux (79% with 5 pixels).
A sensitive measurement of HDO is achieved when combining the flux of all 23 lines, even though individual spectral lines are not cleanly detected (detections of individual HDO lines will require a comet several times brighter than 8P/Tuttle). We measured the residual line flux (F i ± σ F i (W m −2 )) for a given line "i" by integrating over 9 spectral pixels centered on the element most closely matching its Doppler-shifted line frequency. The flux uncertainty (σ F i ) is set by the thermal background and sky emission from the terrestrial atmosphere. For each line, we computed the molecular column density (N i ± σ N i (m −2 )) by dividing the observed flux by the specific line intensity (g i κ i ):
where i is the line index (1-23), Ω is the solid angle over which the line flux was extracted, g i is the fluorescence efficiency at R h (W molecule −1 ) at T rot = 60 K (Gibb et al. 2002) , 6 κ i is the monochromatic transmittance at the line center frequency, v i is the center pixel of the HDO line, and F ij ± σ F ij is the flux collected in the jth pixel. Production rates (Q i ± σ Q i (s −1 )) of HDO and H 2 O were obtained in the usual manner, adopting a standard coma model (spherically symmetric coma with uniform outflow and steady production over the molecular lifetime of the parent volatile (see details in Bonev 2005; DiSanti et al. 2006) ). We then formed a weighted mean of production rates retrieved from the 23 lines using weights w i = σ Q i −2 , with σ defined by the local noise and the specific line intensity g i κ i (see Equation (2)). The resulting production rate (Q) of HDO is 4.73 (± 1.68) × 10 25 s −1 (taken at the expected central line position). We validated that this result was not spurious by performing identical measurements away from the expected line centers (v i = v i + Δv, see Equations (1) and (2)). We stepped our 9 pixel box at 1 pixel intervals from +0.6 to −0.6 cm −1 centered on the expected line centers. A positive residual (at the 2.8σ level) is seen only at the expected Doppler-shifted line center (dark trace, Figure 1(D) ). For comparison, we applied the same methodology to the H 2 O spectrum (light gray trace, Figure 1(D) ), and obtained a spectral profile comparable in shape to the one obtained for HDO. Our formal abundance ratio (D/H = 4.09 (±1.45) × 10 −4 ) corresponds to deuterium enrichment by a factor of 2.62 ± 0.93 relative to VSMOW (Table 1 ). Achieving such a sensitive measurement in this relatively low activity comet establishes the potential of this method for measuring HDO in future comets.
DISCUSSION
Our (D/H) H 2 O enrichment factor is consistent with values measured in comets Halley, Hyakutake, and Hale-Bopp (Table 1) . For Halley, HDO and H 2 O were not measured directly, but the D/H ratio was inferred from the ratio H 2 DO + / H 3 O + measured with the ion-and neutral-mass spectrometers (IMS, NMS) onboard the Giotto spacecraft (Balsiger et al. 1995; Eberhardt et al. 1995) . Our measurements of H 2 O and HDO in 8P/Tuttle were taken only days apart using the same instrument-we assume that the water production, rotational temperature, and isotopic fraction remained constant over that interval. The lack of simultaneous measurements of HDO and H 2 O introduces perhaps the greatest limitation to our observations, as well as to the other spectroscopic D/H measurements mentioned above (see Table 1 ). We note that the present method samples many spectral lines of HDO and H 2 O, and thus should provide highly robust D/H ratios in future bright comets.
The (D/H) H 2 O ratios observed for these four comets indicate a significant enrichment (by a factor of ∼ 15, see Table 1 ) of deuterium in the cometary ice relative to the protosolar value (D/H) H 2 of ∼ 2.1 × 10 −5 (Lellouch et al. 2001) . This enrichment suggests that ice in these comets formed in a low-temperature region (∼ 35 K; Millar et al. 1989 ) and near ∼ 25 AU from the protosun (considering the deuterium fractionation curve for H 2 O calculated by Mousis et al. (2000) for the case of a maximum-mass solar nebula; see Figure 1 of Horner et al. (2007) ). Nevertheless, many questions remain about the true conditions in the natal nebula, and relating D/H fractionation to formation region is still uncertain.
Because isotopic signatures can be used to trace the origins of water on Earth, the measurement of (D/H) H 2 O in comets is also highly important for assessing the delivery of organics and water to our planet. It is currently believed that most of Earth's water was acquired during the last stages of the planet's accretion from bodies formed in the outer solar system (Martin et al. 2006 , and references therein). As suggested by Gomes et al. (2005) , water might also have been delivered during the Late-Heavy-Bombardment (LHB), 4.0-3.8 billion years ago. However, the amount of material delivered in each period and which bodies were the principal water carriers (e.g., comets vs. asteroidal embryos, Bockelée-Morvan et al. 1998; Morbidelli et al. 2000; Delsemme 2000) are still hotly debated issues. The D/H enrichment found in Halley, Hyakutake, and Hale-Bopp led to reduced estimates for the fraction of Earth's water delivered by comets; the enriched value of HDO that we observe in comet 8P/Tuttle also supports this view. Meanwhile, the slightly lower D/H values observed in carbonaceous chondrites (ranging from 0.8 to 2.1 VSMOW; Lecuyer et al. 1998 ) stimulated a hypothesis that water was delivered by proto-asteroids rich in chondritic material (Morbidelli et al. 2000; Dauphas et al. 2000) .
Nevertheless, delivery of water to Earth by comets cannot yet be excluded, based solely on four measurements of (D/H) H 2 O . In particular, these measurements must be reconciled with dynamical models of the solar system and other cosmogonic indicators, for example chemical taxonomies and spin temperatures. In the case of chemical taxonomies, strong compositional diversity of parent volatiles (with no unique relationship to dynamical class or inferred reservoir of origin) was demonstrated, even among a relatively small number of comets (∼ 15) sampled at IR wavelengths (Mumma et al. 2003 , and references therein). The D/H problem requires a similar approach, and a statistically significant sample is needed to test whether all comets share a common D/H enrichment relative to the protosolar value. Halley, Hale-Bopp, and Hyakutake may not be fully representative of the entire cometary population because their volatile compositions are very similar (excepting the hypervolatiles CO and CH 4 ). These comets may have experienced parallel formation paths, leading to similar (D/H) H 2 O values.
CONCLUSIONS
We measured a deuterium enrichment for water in comet 8P/ Tuttle using high-resolution spectroscopy at IR wavelengths ((D/H) H 2 O = 2.62 ± 0.93 VSMOW). The technique presented here provides unprecedented sensitivities, and should ultimately permit us to routinely measure this prime cosmogonic indicator in future comets, even for moderately productive comets like 8P/Tuttle. Performing this measurement with CRIRES at VLT on a brighter comet-like Halley or Hale-Bopp-would lead to uncertainty lower than ± 0.02 VSMOW (1σ , photon noise limited). Eventually, as our sample of D/H in comets increases we expect to see a range of D/H values, in concordance with the diversity we observe in the chemical taxonomies of comets.
Continuing advances in dynamical models for the clearing of planetesimals during the first billion years of solar system history will likely provide new insights regarding the numbers that impacted the Earth-Moon system, and their nature. Perhaps the biggest uncertainty when studying the origin of Earth's water is our limited knowledge of the evolution of (D/H) H 2 O within our planet, and its relation to the primordial endowment (see discussion in Williams & Hemley 2001) . It is, as yet, too early to conclude how and when Earth acquired its water. Improved insights require a precise understanding of (D/H) H 2 O in multiple bodies (comets, asteroids, and meteorites) and their relative numbers impacting Earth, together with accurate modeling of atmospheric escape and fractionation in Earth's core.
